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Potassium-rich titanate nanofibers were produced by digest-
ing TiO2 in concentrated KOH solutions under hydrothermal
conditions. The nanofibers were characterized by scanning
electron microscopy, energy dispersive X-ray spectroscopy,
X-ray diffraction, and thermogravimetric analysis. A hexati-
tanate structure was assigned, in contrast to the trititanate
structure usually resulting from NaOH treatment of TiO2.
The potassium cations could be exchanged with others, such
as sodium, hydrogen, and ammonium. The potassium-rich
hexatitanate was found to be photocatalytic in its as-synthe-

Introduction

Nanofibers comprising titanate or titanium dioxide are
of considerable interest because of their broad range of po-
tential technological applications,[1] for example in photoca-
talysis,[2–5] as Li+ reservoirs in lithium ion cells,[6] and as
absorbents to sequester toxic metal ions[7,8] and radionu-
cleides.[9] In photocatalysts, electron-hole pairs (excitons)
are created in the material by light. Any holes that diffuse
to the surface of the catalyst particle can act as a strong
oxidant, whereas any electrons that reach the surface will
act as a reductant. Nanoparticulate anatase has been inten-
sively investigated in this regard[10] since the discovery[11] of
its photocatalytic efficacy in 1971. Although most current
titania-based photocatalysts are based on spherical nano-
particles, the use of a fibrous material, woven into a porous
mat, may offer some technological advantages for absorp-
tion or oxidation of impurities.[12] In particular, although
suspended (slurry) type reactors are popular due to their
simplicity and high efficiency,[13] there is a need to separate
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sized condition. The thermal stability of the fibers during cal-
cination was followed in situ using X-ray diffraction and was
found to be strongly dependent on the chemical composition.
The potassium-rich titanate converted to anatase at only
480 °C, whereas the hydrogen- and ammonium-rich materi-
als had to be heated to over 600 °C before conversion took
place. Conversion was notably slowest in the ammonium-
rich material. Surprisingly, the sodium-rich hexatitanate did
not form anatase at temperatures up to 800 °C and instead
recrystallized.

the fine catalyst particles from the treated water after-
wards.[3] Although the use of inert membranes to retain the
photocatalyst particles can resolve this problem[14] (at in-
creased complexity and cost), a better solution could to be
apply the catalyst itself as a porous, textile-like filter.

In principle, filters of this type have become possible
since the discovery of processes to make titania or titanate
nanotubes and fibers by hydrothermal treatment.[15,16]

However the formation, structure, morphology, and proper-
ties of these and other fibrous titanates are not yet com-
pletely understood.[1,17–19] Most investigations have been
conducted on fibers grown in NaOH solution[2–4,7,8,16,19–23]

but even in this relatively well-studied system there is still
disagreement about the composition and structure of the
fibers, and the mechanisms of their formation and/or de-
struction. Here, however, we report an investigation on the
nanofibers produced by hydrothermal digestion of TiO2 in
concentrated KOH solution. There have been few studies of
this system, possibly because of the lower yield and the need
to use higher temperatures and pressures than reactions in
NaOH.[24] In the literature, the identity of the product(s)
formed by hydrothermal digestion of TiO2 using KOH is
vexed. There are many polymorphs of the type K2TinO2n+1,
such as layer (n = 2 and 4) and tunnel (n = 6 and 8)[5]

structures, and many of these can have the K+ partially ion-
exchanged with H+ and/or contain water of hydration.
Fully protonated titanates belong to a large family with the
generic formula H2mTinO2n+m.[1] At least five different
phases of titanate in fibers produced by hydrothermal treat-
ment of TiO2 powder in concentrated KOH have been re-
ported. Some relevant data is summarized in Table 1. A
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Table 1. Identity assigned to fibers produced by hydrothermal treatment of Degussa P25, anatase, rutile or amorphous TiO2 in concen-
trated KOH. The published patterns that are similar in terms of peak position and shape to those found in this work are indicated.

Source Similar XRD pattern to this work Reactant Temp. [°C] Time [d] Phase(s) reported

Boyle[25] yes 10 m KOH 120–185 3–7 H2Ti2O5·H2O or TiO2-B
Amano[5] yes 17 m KOH 110 1 K0.74H1.26Ti4O9

Daoud[17] no 10 m KOH 80–110 3 TiO2-B
Meng[26] yes 15 m KOH 180 4 K2Ti6O13

Nakahira[27] no 10 m KOH 110 2 H2Ti4O9·H2O
Yuan[28] yes 8 m KOH 200 2 K2Ti8O17

Du[29] yes 10 m KOH 130 3 K2Ti6O13

range of source materials were used in the work listed and,
in general, seed particle size and phase were found to affect
the kinetics of the reaction and the morphology, but not
the identity, of the product. Furthermore, the thermal sta-
bility of these materials is not yet well characterized. Here
we consider the structure and properties of these fibers,
both in the as-synthesized form, and after partial ion-ex-
change of the K+ with H+, Na+ or NH4

+. The phenomena
accompanying their calcination are examined in detail. Sig-
nificant differences in the thermal stability and behavior of
the various compounds were found.

Results

As-Produced Fibers

Scanning electron microscopy (SEM) images of the vari-
ous fibers after hydrothermal treatment, washing, ion-ex-
change, and drying are shown in Figure 1. The initial potas-
sium-rich titanate (Figure 1, a) consists of nanofibers of 5–
50 nm diameter (measured using SEM) with lengths in ex-
cess of 1 μm. These dimensions are similar to those re-
ported by Amano et al.[5] who also reacted TiO2 with KOH.
After ion-exchange, the H+-, Na+-, and NH4

+-substituted
titanates maintained the fibrous morphology (Figure 1, b–
d). The images also suggest that the fibers are not of circu-
lar cross-section but may be ribbon-like, the so-called nano-
belt morphology.

Figure 1. SEM images of the sinuous titanate nanofibers produced
by hydrothermal processing: (a) potassium-, (b) sodium-, (c) hydro-
gen-, and (d) ammonium-rich titanate.
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X-ray diffraction patterns of the fibers are shown in Fig-
ure 2. The patterns of the samples are all very similar, which
indicates that the basic crystal structure of the compound
did not change much during the ion-exchange process. The
peaks are, however, relatively broad due to the nanocrys-
talline structure of the fibers and, possibly, the presence of
lattice defects. Comparison to the standard patterns from
the Joint Committee on Powder Diffraction Standards
(JCPDS) Crystallography Open Database (http://www.
crystallography.net/) and the literature indicated that
K2Ti6O13 was the best match to the present product, even
though the usually strong (–2 0 1) peak at 13.8° (the 2θ po-
sition for Cu-Kα radiation) is absent. The diffraction data
collected in this work does not correlate to any of the stan-
dard patterns for the other compounds listed in Table 1.
Patterns that are very similar to these were published by
Boyle et al.[25] for fibers made by a process similar to that
used here but in their case were tentatively assigned to
either the H2Ti2O5·H2O or TiO2-B phases. The structures
of titanate fibers produced by the various routes are consid-
ered again in greater detail in the Discussion.

Figure 2. X-ray diffraction patterns of the washed and dried fibers.
The peaks for well crystallized K2Ti6O13 (JCPDS card 00-040-
0403), K2Ti8O17 (00-041-1100), TiO2-β (00-046-1238),
H2Ti4O9·H2O (00-036-0655), and H2Ti2O5·H2O (00-047-0124) are
also shown. The experimental patterns are best matched by the
standard pattern for the hexatitanate.
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Characterization of Potassium-Rich Titanate Fibers

Preparation of a sample of potassium-rich titanate for
TEM analysis by sonication in water for 30 min caused the
fibers to break into segments of ca. 10 nm wide by up to
100 nm long (an occurrence also noted by others).[19,30] Al-
though the width of the segments matches the width of the
fibers observed in the SEM images, the length is obviously
very much shorter. The segments were not hollow (Figure 3,
a and b) and a characteristic layered structure was clearly
visible (Figure 3, c).[17] This is unlike the case for the fibers
produced using NaOH, which are often (but not invariably)
reported as hollow.[4,7,20,23] The interlayer spacing observed
in the TEM images was approximately 0.75� 0.03 nm. In-
terplanar spacings of between 0.75 and 0.88 nm have been
reported for other layered titanates.[5,23,31] These layers,
which correspond to the (2 0 0) planes of the unit cell, gen-
erate an XRD peak in the vicinity of 2θ = 11° when Cu-Kα

radiation is used. The presence of this peak is evidence that
one of the layered or tunnel titania structures has
formed,[4,5,31] and the converse may be deduced from its
absence in randomly oriented powder samples. The electron
diffraction pattern of the washed and sonicated sample
(Table 2 and inset c in Figure 3), however, was more similar
to that of TiO2-B than K2Ti6O13. We suggest that the pro-
tracted washing and sonication in water may have resulted
in the extraction of K+ from K2Ti6O13 and its conversion to
short pieces of pseudomorphous layered TiO2-B, a process
already known to occur in other types of titanate fi-
bers.[2,17,32]

The fit of the putative K2Ti6O13 structure to the X-ray
diffraction pattern of the K-rich material was explored fur-
ther by simulating the patterns with a degree of disorder
(Figure 3, d). A pattern calculated from a CIF file for
K2Ti6O13, but with all peaks broadened by imposing a
Gaussian shape with a width of 1.5°, is shown as ii. This
pattern is similar to the experimental data except that the
sharp peaks for the (1 1 0) and (0 2 0) planes in the mea-
sured pattern are less intense and broader in the simulated
pattern. Although anatase also has peaks at these positions,
the peaks seen here cannot be from anatase because its
other characteristic peaks are absent. The peak correspond-
ing to the interplanar spacing of ca. 0.75 nm observed by
TEM is matched by a peak at a 2θ position of 11.5° in the
2θ scale corresponding to Cu-Kα radiation (corresponding
to a lattice spacing of about 0.77 nm). Finally, the different
shape of the (1 1 0) and (0 2 0) peaks was investigated fur-
ther by constructing an ensemble average of 55 calculated
powder diffraction patterns (each with a Gaussian broaden-

Table 2. Analysis of the strongest electron diffraction rings of the washed and sonicated TEM sample of potassium-rich titanate (d: lattice
spacing).

Measured d [nm] Equivalent Cu-Kα 2θ cf. TiO2-B d [nm] TiO2-B plane

0.25 +0.01, –0.02 36° +/–2° 0.269, 0.270 (3 1 0), (–3 1 1)
0.19 +/–0.01 48° +3°, –2° 0.203, 0.208 (0 0 3), (–6 0 1)
0.175 +/–0.01 52° +/–3° 0.173 (1 1 3)
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Figure 3. (a) High magnification SEM image of the tip of a bundle
of potassium-rich fibers showing that they are not hollow. (b) TEM
image of a patch of potassium-rich fibers. (c) High-magnification
TEM image of a potassium-rich fiber showing its layered structure.
The electron diffraction pattern inset is similar to that of anatase.
(d) X-ray diffraction patterns for as-synthesized and washed potas-
sium-rich fibers, showing i) measured data, ii) pattern calculated
from a cif file for K2Ti6O13 using a 1.5° Gaussian spread of the
peaks, iii) a pattern obtained as an ensemble average of 55 struc-
tures with a Gaussian spread of interlayer spacings (see text), and
iv) a stick plot from JCPDS card 00–040–0402.

ing of 0.72° on the peaks) with the c parameter of the unit
cells drawn from a Gaussian distribution centered on
1.65 nm and a standard deviation of 0.17 nm. The b param-
eter of these lattice cells was adjusted to 0.3778 nm so that
the position of the (0 2 0) peak was correctly matched. This
pattern, designated as iii, is quite similar to the experimen-
tal data, although the disorder and nanocrystallinity in the
experimental material may be responsible for the broaden-
ing and merging of the (2 0 1) and (2 0 –1) peaks.

Chemical Composition

Energy dispersive X-ray spectroscopy (EDS) analysis in
the SEM indicated that the K/Ti ratio in the as-synthesized
(and washed) potassium-rich fibers was 0.168�0.005. If the
formula of the acid-washed material is accepted as
(KxH1–x)2Ti6O13, then a mean stoichiometry of (K0.5H0.5)2-
Ti6O13 and a range between (K0.49H0.51)2Ti6O13 and
(K0.52H0.48)2Ti6O13 is inferred. Acid treatment of the
(K0.5H0.5)2Ti6O13 potassium-rich titanate fibers to produce
hydrogen-rich titanate lowered the K content further to a
mean stoichiometry of (K0.3H0.7)2Ti6O13 as determined by
SEM EDS analysis of the heavier elements. After ion ex-
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change in NaOH and washing, the sodium-rich fibers had
a mean Na/K ratio of ca. 2.15, and a (Na + K)/Ti ratio
of ca. 0.35, which gives a composition in the vicinity of
(K0.30Na0.70)2Ti6O13 to (K0.35Na0.65)2Ti6O13. Importantly,
in this treatment the Na+ has displaced the H+ but not af-
fected the K+ content. This sample also contained about
1 at.-% Si (expressed as an atomic fraction that excludes
hydrogen), which indicates that the NaOH had extracted
silicon ions from the surface of the glassware.

The portion of the hydrogen-rich titanate that had been
immersed in NH4OH solution had a nominal stoichiometry
of (K0.26Na0.11X0.63)2Ti6O13, where X is assigned as NH4

+.
Once again, the K content was not significantly altered.
However, the sample also contained up to 3 at.-% Si and Na
(expressed as an atomic fraction that excludes hydrogen). It
is possible that the sample contained a small proportion of
a Si-containing phase such as HK3Ti4O4(SiO4)3·4H2O (cf.
Boyle et al.[25]) but no evidence for this was found in the
XRD patterns.

Thermal Stability

Figure 4 shows SEM and TEM images of the potassium-
rich titanate product after calcination at 450 and 700 °C.
Upon calcination at 700 °C, the fibers crystallized into
smaller rods of between 20 and 30 nm in diameter and up
to 100 nm in length, however, the layered structure of a tita-
nate is still clearly visible in the TEM image. The material
changes from fibrous to rod-like between 450 and 700 °C.
In situ XRD experiments, Figure 5, revealed that anatase
crystallized from the fibers starting at 480 °C. By 600 °C
the sample was mostly anatase with only a small proportion
of the hexatitanate phase remaining (Figure 5, b). However,
a broad peak at d = 0.75� 0.01 nm (2θ of 11.8° when scaled
to Cu-Kα radiation) shows that some layering of the struc-

Figure 4. Microstructure of the nanofibers and nanorods produced
by calcination of the potassium titanate. SEM micrographs at (a)
450 °C and (b) 700 °C and TEM micrographs at (c) 450 °C and (d)
700 °C. The (2 0 0) planes are still clearly visible in the TEM
images, even in the sample calcined at 700 °C.
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ture still persisted at 600 °C, in agreement with the TEM
image in Figure 4. The relative proportions of the phases
present were followed by calculating the areas of the (1 1 0)
peak of the titanate and the (1 0 1) peak of the anatase (Fig-
ure 5, c). Because these two peaks lie quite close together, it
was necessary to fit them simultaneously using two pseudo-
Voight functions and a linear trend for the background. The
stability of the fit was enhanced by setting the shape param-
eter of each peak to 1.0, the HWHM parameter of the tita-

Figure 5. (a) X-ray diffraction map of the potassium-rich sample
as a function of temperature. There is no anatase in the sample at
room temperature. The (1 0 1) peak of anatase becomes visible at
480 °C. At 620 °C the sample is substantially composed of anatase.
JCPDS entries for anatase (card 00-021-1272) and K2Ti6O13 (card
00-040-0403) are shown as stick plots. (b) X-ray pattern of the ma-
terial at 600 °C with peaks of anatase marked “a” and those of the
hexatitanate phase “h”. (c) Area under the (1 1 0) peak of the tita-
nate and area under the (1 0 1) peak of anatase as a function of
temperature.
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nate to 0.25°, and fixing the anatase (1 0 1) peak to its
known 2θ position at that temperature.

The calcination of the as-synthesized potassium titanates
was also investigated using differential thermal analysis
(DTA)/thermogravimetric analysis (TGA) (Figure 6). A
mass loss of approximately 14% was observed between
room temperature and 400 °C, which was assigned to the
departure of adsorbed water or surface hydroxy ions. There
is a perturbation of the DTA trace at about 550 °C, evi-
dently due to the formation of anatase reaching its maxi-
mum rate at that temperature. Heating beyond 600 °C
caused a further 3.2% loss in mass, the rate of which peaked
at 818 °C.

Figure 6. DTA/TGA of as-synthesized potassium titanate. The ar-
row on the curve for ΔT indicates the peak rate of anatase forma-
tion.

The powder diffraction patterns of the sodium-rich fibers
after calcination are shown in Figure 7. Surprisingly, no sig-
nificant change to the sodium titanate had occurred by
617 °C and it was therefore heated to 800 °C. Recrystalli-
zation of the M2Ti6O13 phase occurred above 620 °C (Fig-
ure 7, (a) as evidenced by the sharpening of the individual
peaks Figure 7, b). There was a steep increase in the height
of the diffraction peaks but no corresponding change in
their area (Figure 7, c) as expected for a process that does
not create a new phase.

The hydrogen-rich titanate material was converted to
anatase, but at a higher temperature than the potassium-
rich starting fibers, with scarcely any anatase evident by
600 °C. However, above 600 °C formation was rapid, and
the biggest anatase (1 0 1) peak was obtained at 702 °C,
Figure 8. Curiously, above 700 °C, the peak area of the ana-
tase produced from the hydrogen-rich fibers started to de-
crease again. This decrease was due to a time-dependent
process, which was confirmed by holding the sample at
812 °C for a protracted time (Figure S1, Supporting Infor-
mation).

The reduction in peak area may have been due to the
reported conversion of anatase to aperiodic titania as the
first step in the reconstructive transformation of anatase to
rutile[33] or due to the possibility that some of the ostensible
peak area for the anatase overlapped that of a diminishing
quantity of residual M2Ti6O13.
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Figure 7. (a) In situ X-ray diffraction patterns of products formed
by calcining the sodium-rich sample. The JCPDS pattern for
K2Ti6O13 is shown as a stick plot and it is evident that the sodium-
rich sample has the same structure. (b) Individual X-ray patterns
at selected temperatures, which show sharpening of the peaks as
the structure recrystallized. The stick plot is for K2Ti6O13. (c)
Height and area of the (0 2 0) peak of M2Ti6O13 at temperatures
above 600 °C. Note that the area of the peak does not change sig-
nificantly, which indicates that the volume fraction of the M2Ti6O13

phase does not change.

The ammonium-rich titanate was also converted to ana-
tase, but even more slowly than the hydrogen-rich material
(Figure 9). It is evident, however, that the process was far
from complete at 760 °C (Figure 9, a) with the anatase
formed at that temperature characterized by broad peaks.
It is possible that the presence of NH4

+ caused significant
amorphization of the titanate fiber structure. The formation
of anatase in the potassium-, hydrogen-, and supposedly
ammonium-rich fibers is compared in Figure 9 (b).
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Figure 8. (a) X-ray diffraction map showing conversion of the hy-
drogen-rich titanate sample to anatase. The peaks corresponding to
anatase are marked the letter a. An unknown phase (peaks marked
asterisks *) was also formed at elevated temperature. This unknown
phase is not rutile. (b) Integrated areas of the M2Ti6O13 (1 1 0) and
anatase (1 0 1) peaks for the hydrogen-rich titanate. The trend line
for the original as-synthesized potassium-rich titanate is shown as a
dashed line. It is clear that the conversion of hydrogen-rich material
began at a higher temperature than for the original potassium-rich
material, but was very rapid once initiated.

Photocatalytic Efficacy

Data from photocatalysis experiments using the as-pre-
pared potassium-rich fibers and the potassium-rich product
that had been calcined for 4 h at 700 °C are shown in Fig-
ure 10. Both forms are photocatalysts for the oxidation of
methylene blue and rhodamine 6G, although the calcined
material is significantly more active. Importantly, we found
that the as-synthesized fibers could be collected on a filter
paper to produce a permeable mat, which was utilized as
an effective photocatalytic substrate (Figure 10, c).

Discussion

This work has highlighted that the thermal stability of
titanate fibers prepared in KOH is very sensitive to their
chemical composition, with very different results obtained
upon the calcination of the four samples prepared here, de-
spite the similarity of their starting structures. We have
shown that ion-exchange of the alkali metal with hydrogen
or ammonium did not destroy the titanate structure, which
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Figure 9. (a) X-ray diffraction map showing conversion of the am-
monium-rich sample to anatase. The reaction is quite retarded and
incomplete at 760 °C and (b) relative to the other samples exam-
ined.

is similar to that in some reports[21] but in contrast to others
who found that anatase or TiO2-B was formed.[2,3,15,18,34]

On the other hand, sonication in water broke up the fibers
and converted them to a nanocrystalline form of TiO2. It is
clear that conditions should be carefully controlled if the
fibrous titanate morphology and desired mix of intercalated
cations are to be retained.

The stoichiometry of the intercalated counterion in this
type of titanate can be variable, with K+, H+, Na+, and
NH4

+ capable of substituting partially or fully for one an-
other. This is similar to the situation for titanate fibers pro-
duced by digestion in NaOH.[2,4,21,23] Similarly, the calci-
nation of the potassium-, sodium-, and hydrogen-rich mate-
rials synthesized here followed similar trends to those re-
ported for fibers prepared using NaOH. For example, in
both cases the hydrogen-rich material produced by ion ex-
change of the original alkali metal decomposes to ana-
tase[2,3] with a rod-like shape,[35][23] whereas for the NaOH
fibers, material that was high in alkali metal content did
not form anatase and instead recrystallized as a mixed al-
kali metal hexatitanate.[4,5,21,23,36] On the other hand, the
ammonium-rich titanate produced here was relatively resist-
ant to calcination unlike that reported by Rhee et al.,[31]

which readily decomposed to a mixture of anatase and
TiO2–xNx on heating above 290 °C.

The X-ray diffraction patterns of the fibers produced are
consistent with a compound with the stoichiometry



Thermal Stability of (KxNayH1–x–y)2Ti6O13 Nanofibers

Figure 10. Photocatalytic action of (a) as-synthesized potassium-
rich nanofibers and (b) nanofibers calcined at 700 °C on methylene
blue. In (b) the absorbances were affected by an increasing amount
of turbidity (arrow at 400 nm) as the reaction proceeded, and the
results shown here have been vertically offset to give a zero ab-
sorbance at 820 nm for comparison. (c) Effect of sunlight on rho-
damine 6G stains applied to a mat of as-synthesized potassium-
rich fibers (i: no exposure, ii: 30 min, and iii: 3 h).

M2Ti6O13, where M can be a variable mix of K+, Na+, H+

or (evidently) NH4
+. This is quite unlike the case for fibers

produced in NaOH, where it seems that a trititanate of the
generic form Na2–xHxTi3O7·nH2O is the most likely prod-
uct.[4] However, as mentioned earlier, not all reports of the
use of KOH have led to M2Ti6O13, so there remain some
puzzling inconsistencies (Table 1). These inconsistencies
could be due to factors such as the strength of the acid used
to wash the fibers and the nature of the starting seed mate-
rial. These factors also affect the extent to which K+ is ex-
tracted from the fibers during washing, possibly explaining
why some groups obtained potassium titanate fibers and
others hydrogen titanate fibers (Table 1). Further work is
needed to fully resolve these issues.

The difficulty in making an unambiguous phase assign-
ment of the X-ray diffraction pattern appears to be a typical
problem for titanate fibers produced by aqueous processing.
Even in the case when the more common NaOH process is
used to make fibers, there is still ongoing debate on the
identity of the resulting phases.[4,18,19] Furthermore, a range
of stoichiometries may be reported; for example, com-
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pounds such as H2Ti3O7 or, if not fully ion exchanged,
Na2–xHxTi3O7. nH2O, Na2Ti6O13, Na2Ti3O7, H2Ti4O9·
H2O, and H2Ti2O4(OH)2 are mentioned for the NaOH
process.[4,7,21] Some authors prefer to designate the product
as being of somewhat variable stoichiometry, e.g.
NaxTiO2+δ,[20] or H2TixO2x+1·nH2O,[19] whereas others find
that the product resulting from the NaOH process is all
or partially TiO2 in the anatase, rutile, brookite or TiO2-B
forms,[2,15,17] i.e. not a titanate at all. Note that TiO2-B can
also exist in a layered, nanotube form,[6] so a nanofiber
morphology is not conclusive evidence of titanate forma-
tion. As the Na+ in the material produced in NaOH solu-
tion is readily interchanged with other ions, including K+,
it might reasonably be expected that the titanates made in
NaOH and KOH processes would be isomorphous. This is
evidently not the case and the reason is currently unknown.
However, it is interesting to note that there is a report in
which the sodium ions in Na2Ti3O7 (produced by the reac-
tion between TiO2 and Na2CO3 at 1000 °C) were exchanged
for potassium ions to produce fibers identified as
K2Ti6O13.[37] Due to the difference in crystal structure and
stoichiometry between the tri- and hexatitanate, consider-
able solid-state rearrangement of TiO6 octohedra must have
taken place during that reaction.

Although there are certainly some titanates that are well-
established as photocatalysts, e.g. SrTiO3,[38] the situation
for the nanofibers or nanotubes produced by hydrothermal
treatment is not as clear.[23] Indeed, the question of photo-
catalytic efficacy is apparently not even entirely settled for
the different TiO2 structures themselves.[39] At the very le-
ast, however, charge separation (an exciton) must form in
the material as a result of irradiation with light if any pho-
tocatalysis is to take place. If it does not form, then the
energy of the incoming photon is likely to be radiated (pho-
toluminescence) instead of being transferred to a chemical
reaction. Riss et al.[23] reported that no charge separation
occurs in Na2Ti3O7, whereas it does occur in H2Ti3O7.
From this finding one could deduce that, of the two, only
the latter is capable of photocatalysis. Qamar[4] cites four
reports that state that the as-synthesized fibers produced by
NaOH digestion are photocatalysts and four reports to the
contrary but found that their own Na2–xHxTi3O7·nH2O was
inert. It is known, however, that the efficacy of the catalyst
depends acutely on the reaction being photocatalyzed[39]

and there are persistent reports of photocatalysis in uncal-
cined fibers under particular circumstances.[5,21,27]

We have shown that the as-synthesized potassium-rich
titanate is certainly active for the oxidation of methylene
blue, although not as active as the anatase that it formed
by calcination. This result is broadly consistent with the
verdict of Amano et al.[5] who found that the photocatalytic
efficacy of what they described as KxH2–xTi4O9 depends on
the reaction being studied, and has, for example, little effi-
cacy for oxidation of acetic acid but excellent efficacy for
the generation of hydrogen from methanol. This group also
reported that bulk K2Ti4O9 and bulk K2Ti6O13 were good
photocatalysts. In all cases, calcination improved the effi-
cacy.
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Conclusions

Potassium-rich nanofibers have been prepared from TiO2

powder by reaction with KOH under hydrothermal condi-
tions. These nanofibers have the K2Ti6O13 crystal structure,
although EDS analysis suggested that the K was partially
substituted with H to give a stoichiometry of approximately
(K0.5H0.5)2Ti6O13. In the as-synthesized condition the fibers
were photocatalytically active with respect to the decol-
oration of methylene blue and rhodamine 6G under illumi-
nation with UV light. In addition, the fibers could be col-
lected as mats, which were also catalytic. This aspect has
important implications for the preparation of porous, pho-
tocatalytic textile-like filter fabrics, which could be used in
water purification applications.

The potassium content of the fibers could be reduced by
ion exchange, and a hydrogen-rich fiber of approximately
(K0.26H0.74)2Ti6O13 composition, a sodium-rich fiber of
(K0.3Na0.7)2Ti6O13 and an ammonium-doped fiber of
(K0.26Na0.11X0.63)2Ti6O13, where X is assigned as NH4

+,
were produced.

Calcination of the potassium-rich fibers converted them
to anatase and improved the catalytic efficacy but led to
some loss of the desirable fibrous morphology. The hydro-
gen- and ammonium-rich fibers also converted to anatase
during calcination, although not as rapidly as the potas-
sium-rich fiber. In contrast, the sodium-rich fiber recrys-
tallized as M2Ti6O13 and did not appreciably form anatase
below 800 °C.

It is clear that the structure and activity of these titanate
fibers varies in a sensitive manner in response to the
method of their preparation, washing, ion-exchange or cal-
cination. This contribution provides further insight into
these factors but there are still many other interesting as-
pects to address and clarify before these potentially useful
materials can be fully exploited.

Experimental Section
General: Nanofibers were produced by a hydrothermal process.
TiO2 powder (Degussa P25, 0.3 g) was treated with an aqueous
KOH solution (10 m, 30 mL) at 170 °C for 7 d in a Teflon®-lined
autoclave container. The choice of a 7 d duration was motivated by
some previous reports,[25,27] however, it is possible that a shorter
treatment (of the order of 2 d) might also have been viable. The
reaction products were washed with diluted HCl (0.1 m) and dis-
tilled water until neutralized and dried at 80 °C for 12 h. This mate-
rial is designated here as potassium-rich titanate. The subsequent
ion-exchange of the as-synthesized material was carried out as fol-
lows: first H+ was exchanged for K+ by immersion of the potas-
sium-rich titanate (300 mg) in 2 m aqueous HCl (50 mL) at room
temperature for 12 h. A portion of the hydrogen-rich titanate
(100 mg) was treated with a 1 m aqueous NaOH solution (20 mL)
and stirred for 24 h to give the sodium-rich titanate. A portion of
this product was treated in a 5 m aqueous NH4OH solution
(20 mL) for 24 h to yield the ammonium-rich titanate.

A crude assessment of the photocatalytic activity of the materials
was made by using aqueous solutions of methylene blue
(C16H18ClN3S, 8 μg/mL) and rhodamine 6G (C28H31N2O3Cl,
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10 μg/mL) as colorimetric indicators. The reaction of methylene
blue was followed using UV/Vis spectroscopy with an Agilent 8453
UV/Vis spectrophotometer irradiated with 254 nm UV light. The
rhodamine 6G sample was made by spotting the dye solution on
to a titanate mat and exposing it to natural sunlight. Control tests
confirmed that, in the absence of photocatalyst, neither dye
bleached visibly under the test conditions imposed.

SEM imaging and EDS analyses were performed with a Zeiss Su-
pra SEM, which used an Oxford Microanalysis System beam volt-
age of 10 keV, 30 μm aperture, working distance of 6 mm, and Cu-
Kα and L lines. A 100 s count time gave ca. 1000 counts, and an
average was obtained using at least six measurements. The pro-
cessing was standardless. The method can accurately determine the
ratio of the heavier elements to one another but cannot determine
the hydrogen content. However, once the basic M2Ti6O13 stoichi-
ometry had been determined by XRD, SEM EDS could be used
to estimate the degree to which M had been substituted with other
ions.

TEM experiments used a small amount of powder (ca. 1 �1 mm
pile) placed in a clean plastic sample tube. Water (approx. 3 mL)
and ethanol (approx. 500 μL) were added so that the total solvent
contained � 20 vol.-% ethanol. The samples were sonicated in an
unheated water bath for 30 min. About 0.2 mL of the suspension
was pipetted onto a holey carbon grid, which was left to dry for
15 min under an incandescent lamp.

In situ synchrotron XRD experiments were performed in 0.3 mm
diameter SiO2 (quartz) capillaries using the Powder Diffraction Be-
amline of the Australian Synchrotron. A Mythen II microstrip de-
tector was employed to acquire the diffraction data and the capil-
laries (containing powders) were continuously rotated during data
collection to improve the particle statistics. Scans were normalized
against the integrated ion chamber count. The background was
subtracted using the blank run of an empty quartz capillary. A
LaB6 660a standard reference material was used to calibrate the
wavelength (0.998304 �0.000004 Å).

Thermal analysis was carried out with a SDT 2960 machine (TA
Instruments Inc., USA) with a heating rate of 5 °Cmin–1 in a N2

stream.

Supporting Information (see footnote on the first page of this arti-
cle): Figure showing time-dependent decrease in area under anatase
(1 0 1) peak for hydrogen-rich starting material held at 812 °C.
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